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A SUMMARY O F  SPACECRAFT LOADS DATA 
FROM 

FOUR TITAN CENTAUR LAUNCH VEHICLE FLIGHTS 

Summary 

The objective of this r epor t  is to present  a summary  of dynamics data 
measurements  made on the spacecraf t  of four Titan Centaur launch vehicles. 
The data i s  presented in the six categories  of acoustics,  vibration, stage ze ro  
ignition overpressure ,  shock spec t ra  of staging t ransients ,  oscillations 
result ing f r o m  thrus te r  and s t ruc tura l  mode coupling and venting pressures .  
Flight measurements  are shown to be in the general  range of predictions with 
two notable exceptions. The acoustic spectra  were  not a s  predicted, the 
major  difference being due to low frequency content of the l i f t  off environment. 
The notches in the mid-frequency sine test did not appear to provide adequate 
margin  above flight measurements .  

1. Introduction 

This r epor t  h a s  been writ ten with the intent of making available in a 
convenient summary the Titan Centaur flight dynamics data acquired by the  
Viking P ro jec t  Office in application to the Viking Spacecraft. 
the vibration, acoustic and p res su re  data presented will be  of use in 
establishing design c r i t e r i a  for future spacecraft .  

It is hoped that 

The Viking P ro jec t  is the cu r ren t  NASA effort  to explore Mars  using two 
unmanned spacecraf t  during the 1975-1976 opportunity. 
managed by the Viking P ro jec t  Office and NASA's Langley Research  Center. 
The two spacecraf t  were  individually launched on the new Titan I11 E l c e n t a u r  
D-1T launch vehicle on August 20 and September 9, 1975. The objective of 
this P ro jec t  is to obtain scientific data which will significantly advance the 
knowledge of the planet M a r s  by d i rec t  measurements  in the atmosphere and 
on the surface.  Par t icu lar  emphasis  will b e  placed on obtaining information 
concerning biological, chemical, and environmental fac tors  relevant to the 
existance of life on Mars .  

The project is 
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The general  configuration of the Titan Centaur Launch Vehicle and the spaces  
craft of the first four launchings are shown in Figures  2.1 and 2.2. 
Dynamic Simulator (VD3) was c a r r i e d  o n  the Proof Flight (TC-I ) .  
was  launched by the second Titan Centaur, TC-2. 
Viking B Spacecraft  were  launched on TC-4 and TC-3 in that order.  

The VDS consisted of stainless s teel  welded constructions representing the 
mass and center of gravity propert ies  of the Viking Lander Capsule and the 
Viking Orbiter.  These masses were  connected by the s a m e  configuration of 
t r u s s  adapters  as used in the Viking Spacecraft  (VS/C) with the net r e su l t  of 
very  s imilar  low frequency dynamic character is t ics .  
t r u s s  adapters  is shown in Figure 3-1. 

The Helios A was a much smaller spacecraf t  than Viking and included a 
fourth stage rocket motor:  Delta stage model 3L-20, S / N  2003 (TE-M-364-4). 
The total weight of the Helios and Delta was 3730 pounds; approximately half 
the Viking's 7750 pounds. 
the three spacecraft  are  shown in Table 2. 1. 

Spacecraf t  Ds? C ription, Dynamic Envir onm-eats Over view 

The Viking 
Helios A 

Viking A Spacecraft  and 

A schematic of the 

Comparisons of the cantilevered frequencies o€ 

Mode 
Description 

B ending 

r ----- 

Coupled Bending 
& Roll 

Table 2. 1 A Comparison of Modal Frequencies 

r- 
of the Cantilevered Spacecraft  

__L_i _--------- ------------ 
-------i 

i Helio s A 

- --I_-- 

Viking 
Viking Dynamic 
Spacecraft  
No. 

1 
2 

3 
4 
5 
6 

13 
15 

-- - 

- 

20.0 9.45 $5 
9. 50 I 

35.0 6 14.55 13.41 
15.67 13.96 

I 

The Viking spacecraf t  were  much m o r e  complex internally than the VDS o r  
the Helios, with seve ra l  l a rge  appended masses. Modes due to  
these appended masses are consequently in te rspersed  with the overal l  
s t ruc  tur a1 modes . 

2 



There  are sixteen separate Launch Vehicle events o r  conditions which went 
into the makeup of the Viking Spacecraft dynamic environment. (1) Stage 0 
Ignition and Lift Off, (2)  Mach 1/Max Q Buffet, (3 )  Forward  Bearing Reaction 
(FBR) Release, (4) Stage I Ignition, (5) Jet t ison of Stage 0 Solid Rocket Motors 
(SRM), (6) Longitudinal oscil lations charac te r i s t ic  of Stage 1 Burning, (7) Stage 
1 Burn  Out and Stage 2 Ignition, (8) Shroud Jettison, (9) Stage 2 Burnout, 
(10) Titan/ Centaur Separation, (1 1) Centaur First Main Engine S ta r t  (MES-l), 
(12) Lateral oscillations charac te r i s t ic  of Centaur Burn, (1 3) Centaur First 
Main Engine Cut Off (MECO-l), (14) MES-2, (15) MECO-Z and (16) Space- 
c ra f t  Separation. 
Titan Heat Shield jett ison both of which r e su l t  in negligible spacecraf t  loads). 

(This  list does not include Titan Stage 0 Burn  Out and 

Figure  2. 3 shows the sequence and approximate 
of these events. 
history through the powered flight phase of launch flight and the Mach number 
and dynamic p res su re  t ime history for  the first 150 seconds of launch flight. 

The frequency content of the dynamic environments c rea ted  by  these 16 events 
goes f rom steady state iner t ia l  loading ( ze ro  frequency) to pyro actuated 
events causing t ransient  vibration in the two to five kilo Hertz range. 
into the four frequency categories  shown in Table 2, evolved f r o m  
considerations of effect  of the environment on the spacecraf t  and of t e s t  
methods to be  used to r e c r e a t e  the effects in the laboratory.  

time f r o m  l i f t  off of m o s t  
F igures  2.4 and 2. 5 show the typical accelerat ion time 

Division 
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MECO 1 

CENTAUR 

TITAN SECOND STAGE ENGINE 
SHUTDOWN & RETRO FIRE 

TITAN FIRST STAGE 
ENGINE SHUTOOWN & SECOND 
STAGE ENGINE S T A R T  

I 
1 I TAN 
BOOST 
PHASE 

TITAN FIRST STAGE ENGINE 
& ZERO STAGE SEPARATION 

START 

START SOLI0 ROCKET MOTORS 

EVEN7 

LIFTOFF (SRMs FIRING, STAGE 0)  To 
START STAGING TIMER, T1 
CORE STAGE I IGNITION 
JETTISON SRMs 
STAGE I SHUTDOWN. T2 
CORE STAGE I I  IGNITION 
SEPARATION STAGE I & STAGE I I .  Tg 
SHROUD JETTISON 

STAGE I I  SHUTDOWN (AXIAL 
ACCELERATION @ 1 .5e )  

STAGE II/CENTAUR SEPARATION, T 4  
MES 1 .  CENTAUR FIRST BURN 
MECO 1. CENTAUR MAIN ENGlNE 

MES 2. CENTAUR SECOND BURN 
MECO 2. CENTAUR MAIN ENGINE 

CUTOFF. FIRST BURN 

CUTOFF, SECOND BURN 

Figure  2. 3 Typical Titan Centaur Launch Trajectory 

~ MECO 2 

APPROXIMATE 
TIME FROM 
LIFTOFF (SEC 

0 
110 
111 
122 
258 
258 
258 
270 

467 

473 
483 

617 
1341 

1392 
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3 .  

The instrumentation ca r r i ed  on the four flights for spac.ecraft environment 
evaluations consisted of microphones, vibration sensors ,  accelerometers ,  
s t ra in  gages and p res su re  transducers.  
is presented in Table 3.1. Detailed information is contained in Tables 3 . 2  
through 3.5 and Figure 3-1. 

The microphones were at three station locations so that a measure  of 
variation along the length of the  Centaur and Spacecraft was obtained as 
well as variations between the four fl ights.  

The vibration sensors  were intended to provide a measu re  of the high 
frequency vibration environment. 
were pr imari ly  for defining the lower frequency loading conditions on the 
spacecraft. 
provided venting data for the shroud and the spacecraft. 

A summary  of these measurements  

The acce lerometers  and s t ra in  gages 

The two pressure  t ransducers  on each of the Viking flights 

10 
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Table 3.2 TC-1 MEASUREMENT LIST CENTAUR FM/FM # 2  2215. 5 MHz 

CA886Y 

- 
rrc 0 
hmbe - 

3 

4 

5 

6 

7 

0 

9 

10 

11 

'2. 

13 

14 

15 

16 

17 

18 

19 

-~ 

Acoustic Microphone 50% 150.0 db - I  - 
I Fwd Equip Comp 

12 

- 
Measure 

ment 
Number - 

CYZ16-S 

CY 2 15-s 

CY 208-0 

CY207-+ 

CY 206 -0 

CYZOS-0 

CY 204 -4 

CY203-0 

CY 202-4 

CY214-s 

CY213-s 

CY2IZ-s 

CYZl l - s  

CY210-s 

CY209-S 

cy201-+ 

CY217-Y 

Description 

V -S/C-A Axial Load 
Transduce r  

V-SIC-A Axial t o a d  
Transduce r  

VODS Sprung Mass Z-Axi 
Accelerometer  

VODS BUS X-Axis 
Accelerometer  

VODS Bus Y-Axis 
Accelerometer  

VODS Bus Y-Axis 
Accelerometer  

VODS Bus Z-Axis 
Accelerometer  

VODS Bus 2-Axis 
Accelerometer  

VODS BUS Z-Axis  
Accelerometer  

P F L A  T r u s s  Axial Load, 
Member 202 

P F L A  T r u s s  Axial Load, 
Member 203 

P F L A  T r u s s  Axial Load, 
Member  204 

P F L A  T r u s s  Axial Load, 
Member 205 

P F L A  T r u s s  Axial Load, 
Member 206 

P F L A  T r u s s  Axial Load, 
Member 201 

Piezoe lec t r ic  Accelerom- 
e t e r ,  Z-Axis 

Acoustic Microphone 

Zero Load 
Biam 

5 9% 

5 9% 

20% 

50% 

50 % 

50 a 

50 "k 

50% 

50% 

. 59.6% 

61.0% 

61.1% 

59.2% 

60. 1% 

61.6% 

50 % 

50% 

CENTAUR FM/FM #I 2208.5 MHz 

Full Scale 
Range 

25342 lbm 

25331 lbm 

10.01 g's 

10.00 g'6 

9.99 g's 

10.01 g ' s  

20. 00 g's 

19.98 g'S 

20 .00  g's 

27177 Ibs  

27192 lbs 

27157 I ~ S  

26636 l b s  

27175 Ibs  

273 19 Ibs  

40. 0 g'6 

150.0 dB 

requency (Hz) 
A B 
1 - 

- 

- 
- I -  

I 
-- I - 

I 
45 I 90 

200 

180 

160 

153 

145 

14 0 

118 

162 

- 

- 

- 
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Table 3.5 MEASUREMENTS CORRESPONDENCE 
VIKING SPACECRAFT T O  VDS 

v 
IRIG 
NO. 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

CING (TC-4 & 3 

SENSOR 

CY191S 

CY19OS 

CY189S 

CY 188s 

CY 187s 

CY186S 

CY1850 

CY 1840 

CY1830 

CY 1820 

VDS (' 

SENSOR 

CY212S . 

CY211S 

CY21OS 

CY209S 

CY214S 

CY213S 

CY2010 

CY2030 

CY2050 

CY2040 

CY1826 
CY18316 

CY189S 

CY19OS 

CY191S 

V I K I l  - 

x r + x  c*x 
CY212S 

CY1856 
/ TC-36k TC-1 / ' 

Z-1) 
IRIG 
NO. 

14 

15 

16 

17 

12 

13 

18 

10 

8 

9 

7 CY209S 

-r-iz+x + CY213S CY20216 

4 - CY2050 
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Strain Gage NOS. 

Vibration Sensor 

30g Longi t .  

F i g u r e  3.1 VIKING SPACqCRAFT INSTRUMENT LOCATIONS 

16 

Strain 

1 
2 
3 
4 
5 
6 

-- 

CY 1850 
Foot R 4 

5g Longi t .  

- CY184g 
Foot C 
5g Longit .  

Gage Nos.  

CY 186s  
CY 187s 
CY188S 
CY 189s 
CY 190s  
CY191S 



4. Data Acquisition and Analysis Plan 

The total measurement ,  acquisition and analysis effort was the cooperative 
effort of many government agencies and their contractors .  The data of this 
report ,  with a few exceptions which a r e  noted, a r e  the resu l t s  of processing 
and analysis performed a t  the NASA Langley Research Center under the 
direction of the Viking Pro jec t  Office. 
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5. 1 Acoustic Data  

This section presents  1/3 octave band spec t ra  of acoustic 
on the four Titan Centaur Launch Vehicles, TC-1 through TC-4'. There were  
two microphones on TC-1, three on TC-2 and one each on TC-4 and TC-3. 
The measurement  in the Centaur Forward  Equipment Compartment (CA886Y) 
was common to all four flights. 
perform analyses of successive two second periods of t ime at l i f t  off and 
through Max Q. 
overal l  levels. 
in the Appendix. 

easurements  made 

The general  data procedure followed was to 

This then shows variations of frequency spec t ra  a s  well a s  
A listing and description of the instrumentation can be found 

A summary  of wide band acoustic levels is given in Table 5.1. 1 for  the two 
frequency bands of 10-2000 Hertz and 0-2000 Hertz. 
between these two frequency bands indicate the  amount of low frequency 
acoustics present. 
following Stage 0 Ignition because of the relatively large,  low frequency 
"overpressure"  phenomenum. There a r e  a l so  some very low frequency 
variations in the Mach 1 - Max Q period of flight probably caused by the 
movements of unstable shock waves. 

The difference in levels 

Significant differences a r e  seen in the f i r s t  two seconds 

The Octave Band data shown in Figure 5.1.1 were  developed by the NASA 
Kennedy Space Center. 
NASA Langley Research  Center. 

A l l  other data presented.here  was processed by 

Figure 5. 1. 1 presents  plots showing the variation of overal l  and seve ra l  
Octave Band acoustic levels as  a function of flight time. 
of Octave band data i s  contained in Volume I of Reference 3 ,  however the 2, 
250 and 2000 Hertz octave band data shown here compr ises  the most  significant 
data. 
fluctuations both at Stage 0 Ignition and in the Transonic-Max Q region of 
flight. The 250 Hz OB has the mos t  significant levels both at lift-off and at 
Mach 1. The 2000 Hz OB shows that the frequency spectrum shifts upward 
af ter  Max Q and is  maintained at the 116-118 Db level for about 30 seconds. 
The total duration of the acoustic environment is roughly 8 seconds at  
lift off and 30 seconds a t  Max Q/Mach 1. 

The complete se t  

The 2 Hz band shows there  are  la rge  amplitude low frequency p res su re  

A summary  of 1/3 octave band spec t ra  f rom all four flights is presented in 
Figure 5. 1.2 for Lift Off and Max Q. 
Flight Acceptance ( F A )  t e s t  spec t ra  used for the Viking Lander Capsule (VLC) 
and Viking Orbi ter  (VO). 
to be  lower than l i f t  off acoustics in the frequency range below 50 Hz. This i s  
a resu l t  of the unexpected overpressure  phenomenum at Stage 0 Ignition. The 
VLC te s t  requirement  i s  seen to a l so  be  low in the frequency range above 1000 
Hertz. 

This figure a l so  makes comparisons to 

Both the VLC and VO s p e c  requirements  are  seen 

These spec deficiencies were  not considered ser ious  for the reasons  

18 



that the acoutic environment in the mid frequencies  (100 - 500 Hz) are generally 
the m o s t  damaging and the specification spec t rum levels  were  4 to 8 Db higher 
than the flight envelope in that frequency band. 

It should be noted that the separa te  spec t ra  that go to make up the envelope 
spec t ra  a re  not so  flat as  the envelope spectra.  This is due to the fact that 
the acoustic environment on the spacecraf t  is continually shifting in spectrum. 
A t  Stage 0 Ignition the spec t rum has its highest levels in the low frequencies. 
A s  the launch vehicle lifts off, the ove rp res su re  effects die.out and the SRM 
thrus t  chambers  come out of the deflector bucket with the net r e su l t  that  the 
spec t rum shifts to peak out between 200 and 600 Hertz. Similar ly  in the 
Mach 1 region the spec t rum peaks out c lose to 250 Hertz  and then shifts 
upward to a relatively flat spec t rum with maximum in the 1000-2000 Hertz  
range. 

Figure 1. 3 through 1.8 present  additional envelope spec t ra  showing the 
variation f r o m  flight to flight and between measurement  location. 
compilation of the separa te  spec t ra  which were  used in establishing these 
envelopes i s  presented in Volume 1 of Reference 3. 

A 
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TABLE 5.1 .1  TITAN CENTAUR ACOUSTIC DATA 
SUMMARY O F  WIDEBAND LEVELS 

FLXGHT & 

SENSOR 

TC- 1 
-CY2 17Y 

-CA886Y 

TC-2 
-GAlY 

-CA886Y 

-CA888Y 

TC-4 
-CA886Y 

TC-3 
-CA886Y 

TtO 
to T t 2  

126.4 
(1 34. 5) 

128.6 

127.3 
(135.8) 

129.5 
(135. 3) 

128. 1 
(142.4) 

130.3 
(138. 1)  

129.2 
(138.9) 

LIFT O F F  
T t 2  
to T t 4  

123.5 
(125.6) 

126.0 
(128. 5) 

126.7 
(128.4) 

127.4 
( 130.9) 

124.6 
(126.3) 

125.0 
(125.7) 

- 
T t 4  
to T t 6  

123.6 
(124. 3) 

126.4 
(126.7) 

126.6 
(126.9) 

125.4 
(127.2) 

125.6 
(125. 7) 

(Not 
Done) 

Pre 
Max 

119.2 
(119.8) 

121.7 
(121.9) 

123.6 
(123. 7) 

121.8 
(122.4) 

124.3 
(124. 5) 

124.3 
(124 .4  ) 

vIAX Q 

Max. 

116.8 
(125. 0)  

124.8 

123.6 
(123. 7) 

126.5 
(126.6) 

123.4 
(125.2) 

124.8 
(1 24. 8) 

124.8 
(125.0) 

Locations: 
CA886Y - Centaur Fwd Equipment Compartment  
CA888Y - Centaur Engine Compartment  
CY217Y - TC-1 Payload (VO Bus) 
GAlY - TC-2 Payload (Helios Attach Frame) 

Units - Db re  .0002 dyne/cm2 10 - 2000 Hz BW 
( N u m b e r s  in parentheses  are for  the 0-2000 Hz frequency band) 

P o s t  
Max 

116.6 
(119. 9 

122.0 
(128. 0 

122.9 
(125.0 

122.4 
(125.8 

121. s 
(122.5 

120. € 
(122.2 
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5. 2 Vibration Data - Viking Requirements Comparison 

There  were  severa l  vibration sensors and acce lerometers  flown on the 
space flight launchings which are  the subject of this report .  
sensors and locations can be found in Section 3. The acce le romete r s  were  
of the servo  type and were  intended to  be used pr imar i ly  for low frequency 
phenomena, low frequency being in the 0-100 Hertz  range. The vibration 
senso r s  w e r e  c rys t a l  type senso r s  and w e r e  intended to cover the higher 
frequency ranges,  up to the limits of the par t icular  te lemet ry  channel. 

A listing of 

The vibratory environments on the Viking Spacecraf t  were  divided into th ree  
types: ( 1 )  sinusoidal vibrations pr imar i ly  in the 5 to 200 Hertz range which 
were  based  on an equivalence to  booster  event, t ransient  vibrations; (2)  random 
vibrations as  caused b y  acoustic loadings; and (3) shock as  caused by pyro- 
technically actuated events and high frequency booster  events. The acoustically 
induced random vibration i s  the subject of this section. 

A summary  of all the vibration and accelerat ion data obtained on TC-1, TC-4 
and TC-3 is.shown on F igures  5.2.1 and 5.2.2. 
(VLC) cg data shown in Figure  5. 2.1 was obtained f r o m  transformation of the 
Lander Adapter (VLCA) strain data assuming the lander to be rigid. 
data i s  frequency l imited by special  low p a s s  filters, ranging f r o m  140 to 200 
Hertz  that were  designed to  minimize phase e r r o r s  between channels 9 through 
18. Phase  e r r o r  was less than f 1 degree below 40 Hertz  and less than f 10 
degrees  below 100 Hertz. The net r e s u l t  is that  the VLC cg data shown in 
F igure  5. 2.1 has  i ts  p r imary  validity below 90 Her tz  and i s  c u t  off by fi l tering 
s tar t ing at  140 Hertz.  

The Viking Lander Capsule 

This 

The p r imary  usefulness of the VLC cg PSD data is that it provides a 
m e a s u r e  of the low frequency s t ruc tura l  loadings, 
5 Hertz. 
.037 g2/Hertz  at 5 Hertz. 
analyses, w e r e  all below . 3g and .9g respectively. 

The ma jo r  response is at 
A l l  significant responses  are  below 20 Hertz. The maximum PSD was 

The 10 and 30 values, f r o m  the individual PSD 

The Viking Orbi ter  (VO) Bus  data summarized in F igure  5.3.2 are  PSD of 
vibration measurements  digitized at 4096 s p s  (TC-4  and TC-3) or  8192 s p s  
(TC-1). 
f requencies  twice the IRIG Standard. 
channel used so that valid data to 2000 Hz was obtained. 

This data was played back through low pass  filters of c u t  off 
IRIG number 18 was the highest frequency 

A comparison was made of the high frequency vibration data measured  in 
flight to the vibration response  measurement  made during the acoustic testing 
of the Viking Spacecraft. 
Viking Orbi ter  acoustic test data. 
vibration senso r s  were  located in the same general position on the Orbi ter  Bus 
for both flight and ground test. 

F igure  5.2. 3 makes  comparison of flight data to 
A d i r ec t  comparison was possible since 

- 
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Two comparisons a r e  made in Figure 5.2.3.  
ments in the 143.6 Db acoustic Roof E s t  a r e  compared to the flight measure-  
ments. 
measurements  in the 40 to 1000 Hertz range generally by an  order  of 
magnitude. 
vibration for an equivalence to the flight measured  acoustic spectrum. 
example a t  300 Hz the proof tes t  acoustic spectrum i s  16 db higher than the 
flight measured spectrum, or  a power rat io  of .025. Thus the . 007  g2/Hz 
tes t  response is  reduced to ,00018 g /Hz for a comparison to the f l igh t  data 
on the equivalent acoustic spectrum. 
separated f rom TC-4 and TC-3 since the detail  construction of the TC-1's 
Viking Dynamic Simulator was very different f rom the actual Viking Space- 
craft. 

F i r s t  the vibration measure-  

The Roof 'ikst vibration a r e  seen to be  higher than flight 

The second comparison made was to factor down the ground tes t  
For  

2 

Fo r  this comparison the TC-1 data was 

Two observations a r e  apparent. F i r s t  the random vibration in acoustic 
Proof Test had more  than adequate margin  over flight measured  random 
vibrations a t  the same measurement  point. 
spectrum level bas i s  the flight vibration measurements  were higher than 
ground test. Two explanations for the second observation come to mind. 
f i r s t  i s  that the response levels do not vary l inear ly  with acoustic excitation 
levels.  This is  generally found to be  t rue  in the dynamic charac te r i s t ics  of 
aerospace s t ruc tures .  Second the secondary charac te r i s t ics  of the acoustic 
environment a r e  not the same, comparing flight with acoustic chamber 
acoustics.  For  example it is possible that there  a r e  spatial correlat ion and 
directivity charac te r i s t ics  of the flight acoustics which can m o r e  effectively 
drive cer ta in  s t ructural  modes. Since there  is  no practical  way to quantify 
these effects for any given spacecraft  it  is recommended that an  additional 
margin be  included between a predicted acoustic environment and i ts  design 
requirement counterpart. 
would seem to be between 6 and 9 Db. 

Second, on an equivalent acoustic 

The 

On the bas i s  of the data presented here  this margin 

The final comparison i s  shown in Figure 5 .2 .4  of Viking Lander Capsule tes t  
responses  compared to flight measured  VO Bus responses.  
measurement  locations a r e  not the same,  between flight and ground test ,  only 
general  observation can be made. 
below the bus flight measurements  based on equivalent acoustic spectrum 
excitation. 
m o r e  removed f rom the acoustic source.  
a t  the Aeroshell  apex i s  considerably higher than flight measured  bus 
vibration a s  expected due to the la rge  surface a r e a  and light loading of the 
a e r o  shell. 

Since the 

The equipment plate vibrations a r e  well 

This is  a s  expected the  equipment plate.being heavily loaded and 
Conversely the ground tes t  vibration 

The random vibration levels a r e  seen to be  low compared to the usual ae ro -  
space equipment tes t  requirements.  This was a s  predicted. There were 
some regions of the Viking Spacecraft  where high levels of vibration were 
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predicted and measu red  in ground test .  The t e s t  requirements for components 
in these regions were defined according to those predictions. However a large 
portion of the components were  tested to what was felt  to be a minimal  random 
vibration tes t  necessary  to demonstrate adequate quality of construction and 
workmanship. 
However there  were fur ther  reductions made on these "minimum" require-  
ments  in special  ca ses  a s  i s  sometimes the case  where a compromise 
position is reached between r isk,  cost  and schedule. 

These minimum requirements  are shown in Figure 5.2.5. 
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5. 3 Solid Rocket Motor (SRM) Ignition Overp res su re  Effect 

Launch vehicle and spacecraf t  loads measurements  made on Titan vehicles 
during SRM ignition and lift-off have been consistently higher than analytical  
predictions. Studies have led to the conclusion that  SRM light off r e su l t s  in 
a p r e s s u r e  surge  traveling up the launch vehicle inducing additional loads 
into the s t ructure .  
have not been quantified to permi t  an analytical  treatment. 

However the actual  charac te r i s t ics  of the p r e s s u r e  surge  

The acoustic measurements  m a d e  o n  t h e  f o u r  T i t a n  C e n t a u r  
flights have provided some new data on the charac te r i s t ics  of the p re s su re  
surge. The data presented he re  are  time his tor ies  of acoustic vibration and 
s t ra in  measurement .  The acoustic data show a consistency in a minus-plus- 
minus p re s su re  fluctuation with s imi la r i ty  in wave shape. A tabulation of 
the times and magnitudes of these three  initial peaks is shown in Table 5. 3.1. 
The magnitude of the positive p r e s s u r e  (overpressure)  i s  consistently the 
highest ranging f r o m  . 0 4  to . 14 psi. 
the 2.2 to  3. 2 Hertz  range. 

The period of the p re s su re  pulse i s  in 

Since the p re s su re  wave i s  outside the Shroud and the acoustic s enso r s  are 
all inside, Shroud attenuation m u s t  be accounted for  in determining actual  
magnitudes of the p re s su re  wave. That i s  the actual  p re s su re  surge  acting 
on the external  sur faces  of the launch vehicle are  l a r g e r  than the p re s su re  
numbers  shown in Table 5.3.1 b y  some factor which has not been determined. 
The t ransmiss ion  l o s s  through the shroud in this frequency range is pr imari ly  
a function of the stiffness of the shroud shell. 

F r o m  the three  microphones on the TC-2 flight it was possible to time the 
speed of t rave l  of the p r e s s u r e  pulse. 
seconds elapsed time between CA888Y and CA886Y and also between CA886Y 
and CY117Y. The distances between the microphones are 186 and 145 inches. 
Thus the approximate speed of t rave l  of the p r e s s u r e  pulse is 690 feet per 
secona. 

The re  was measured  to be 20 milli- 

The p r e s s u r e  pulses measured  on TC-4 and TC-3 differed f r o m  TC-1 and 
TC-2 in that the p r e s s u r e  pulse d rop  f r o m  plus to minus is much m o r e  
abrupt. The sharpness  of this p r e s s u r e  f ront  i s  ref lected in the vibration 
senso r s  as  can be seen in F igures  5 .3 .6  and 5. 3.8. In the period of time 
(10 to 20 ms) where the p r e s s u r e  drops f r o m  plus peak to minus peak there  is 
a high frequency transient of sho r t  duration indicated by  the vibration sensors .  
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Table 5. 3. 1 Stage 0 Ignition "Over P res su re"  
( F r o m  Acoustic Measurements)  

1 
I 
I 
/Flight & 

r- i 

is ens o r 

Initial 
Pres su re  

ms ps i  
Drop ( t l )  

--- 

I1 50 
jTC-1: CY117Y 

I 

i 

-. 032 

-. 04'7 

-. 029 

-. 089 

-. 058 

-. 061 

"Over - 
Pres sure"  
(t2 1 
ms 

390 

36 0 

340 

320 

300 

280 

ps i  

.044 

.040 

.049 

. 138 

121 

.099 

-_ 

Pr e s s u r  e. 
I Rebound' I 

(5) 
ms 

510 

520 

500 

480 

350 

380 

--- 

ps i  

-. 012 

-. 007 

-. 009 

-. 055 

-. 035 

-. 051 

Typical Acoustic P r e s s u r e  Oscillation 

Char a c te r is tic 
Period 
l /( t :3 - t l )  
Hertz; 

2.2 

2.5 

2.5 

2.5 

3 .2  

3.0 
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Figure 5.3.5 TC-1 Strain Time Histories, Lift Off 
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Figure  5. 3 . 7  TC-4 Stra in  T ime  Histor ies ,  Lif t  Off 
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Figure 5 . 3 . 9  TC-3 Strain Time Histories, Lift Off 
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5.4  Shock Spectra - Mid Frequency Sine Tes t  Comparison 

Section 2 of this repor t  presents  an  overview of the Viking Spacecraft  dynamic 
environment d i v i d e d  i n t o  f o u r  f r e q u e n c y  c a t e g o r i e s .  T h e  
second of these four, the range between 30and 200 Hertz, i s  the composite 
of the s ixteen booster t ransients  f rom Stage 0 Ignition through Spacecraft  
Separation and is r e fe r r ed  to in this repor t  a s  "Mid Frequency". 
Frequency Sine Sweep Tes t  for  the Viking Spacecraft  was devised a s  a 
simulation of this environment. 
presented in Reference 2. 

The Mid- 

The requirement and its development is  

The efforts of Reference 2 resul ted in the c r i t e r i a  reproduced here  in 
F igures  5 .4 .1  and 5.4.2. 
response shock spectra  gathered f rom available and applicable analytical and 
experimental  data on booster t ransient  events. 
and environmental es t imates  a r e  subject to uncertainties. 
to ensure that the sine tes t  levels were conservative, these uncertainties were 
identified and an  est imate  of the degree of uncertainty calculated. 
probable uncertainty (e r ror )  was estimated by the root sum square (RSS) of 
individual uncertainties where they were identified a s  independent random 
variables.  
composite shock spectrum, a s  shown in Figure 5.4. 1 and a straight line 
envelope " tes t  level" was drawn. 
Q factor to define the Flight Acceptance ( F A )  t es t  level and the 50% higher 
Type Approval (TA) t e s t  level. 

These c r i t e r i a  were based on a composite of 

Tes t  techniques 
In order  

The most  

The resulting most  probable uncertainty was applied to the 

Figure 5.4.2 rev ises  this envelope by the 

Referr ing back to 
the Booster t ransients  a r e  defined by dynamic loads analyses of the specific 
spacecraf t  configurations. 
qualification testing i s  best &ne th rough  s t ruc tura l  loadings of s t ruc tura l  
assemblies .  
defined would probably r e su l t  in loads which exceed the design load conditions. 
This situation is  due pr imari ly  to the ground t e s t  boundary conditions being 
different f rom flight boundary conditions on the spacecraft. In light of this 
it was necessary  to  monitor response loads on the spacecraf t  s t ruc tures  and to 
Limit tes t  inputs so that s t ruc ture  design loads were not exceeded in the 
frequency range below 30 Hz. 
specification tes t  inputs superimposed on the actual  tes t  input levels where 
load limiting was enforced with automatic tes t  control equipment. 
that for both the Viking Lander Capsule (VLC), Figure 5.4. 3 and the Viking 
Orbiter (VO), Figure 5. 4.4, the input is actually notched in the 10 to 30 Hertz 
range. 

Table 2 . 2  i t  i s  seen that the low frequency component of 

The nature  of the result ing loads a r e  such that 

Fur ther ,  in this frequency range, 0-30 Hertz, the sine testing 

F igures  5.4. 3 and 5.4.4 show plots of the 

It i s  seen 

A comparison of flight measurements  against  ground tes t  responses  is  shown 
in F igures  5.4. 5 through 5.4. 9. The data shows that in general  the flight 
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measurements  fall below the Viking tes t  requirements  with satisfactory 
margins.  The exceptions will now be discussed. 

In F igures  5.4. 5 and 5.4. 8 the f l igh t  levels exceed the tes t  levels in the 10-30 
Hertz range when the t e s t  was notched by load limiting. 
exceedance is due in whole to the data f rom t h e  TC-1 Stage 1 Burn Out 
condition. A review of the TC-1 data analysis did not uncover any suspected 
sources  of e r r o r .  
and TC-4 & 3 spacecraft  (about 1:5) which could explain the difference in the 
shock spectra  (about 1:3). It was therefore concluded t h a t  the broken line in 
F igures  5.4.5 and 5.4.8 a r e  representat ive of very l igh t ly  damped space- 
c ra f t  
spacecraft  with modal damping of 1% or grea ter .  

However the 

However there  i s  a difference in damping between the TC-1 

(w 0.270 of cr i t ical)  and the solid l ines a r e  m o r e  representative of 

In Figure 5. 4.6 the flight data above 40 Hertz is equal to o r  grea te r  than 
comparable ground t e s t  measurements .  
transformation of VLCA s t ra in  measurements  to VLC cg accelerations.  
phase e r r o r  in the data playback of the s t ra in  data was l e s s  than f 2. 0 degrees '  
at 60 Hertz, less than f 4 degrees  at 90 Hertz and increased fair ly  rapidly 
above 100 Hertz. 
lose accuracy above that. However the  transformation used to obtain VLC cg 
accelerations f rom the s t ra in  data a s sumes  a rigid lander. Because of this 
the f l ight  data is in e r r o r  above 40 Hertz and would resu l t  in readings which 
a r e  too high a s  is  indicated. 

This f l i gh t  data was the resu l t  of 
The 

Consequently the s t ra in  data is valid to 60 Hertz and begins to 

A final observation is made that the oscillations experienced during Titan Stage 
1 Burn and Centaur F i r s t  Burn in the TC-4 and TC-3 flights were  within the 
tes t  levels performed an Viking. 
exceeded the Viking t e s t  levels.  However the Stage 1 propulsion system was 
modified af ter  the TC-1 and again af ter  TC-2 to improve Stage 1 Burn 
conditions. 

The TC-1 and TC-2 Stage 1 Burn oscillation 

This is  discussed in a l i t t le m o r e  detail in section 5. 5. 
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5.5 POGO, FLMN and Centaur Burn Oscillations 

The objective followed in this section i s  to quantify the experience of powered 
f l igh t  oscillations on TC-1, TC-2, TC-3 and TC-4 without addressing the 
problem of determining cause and effect. 
and Centaur Burn Oscillations a s  used here  a r e  a s  follows: 

The definition of POGO, FLMN 

Launch Vehicle 

TC- 1 

TC-2 

TC-3 & 4 

POGO i s  defined a s  the longitudinal oscillations in the f i r s t  
longitudinal mode of the Launch Vehicle which a r e  experienced 
during Titan Stage 1 burn and where a l imi t  cycle type coupling 
i s  inferred to exis t  between the propulsion system dynamics 
and the L/V s t ruc ture  dynamics. 

Oxidizer 
A c cumulator Super heater s 

2 0 

1 0 

2 2 

FLMN is the acronym for F i r s t  Longitudinal Mode Noise and 
i s  distinguished f rom POGO in that it i s  the random response,  
in the f i r s t  mode to thrus t  roughness of a stable system. 

Centaur Burn Oscillations a r e  s t ruc tura l  vibrations during 
Centaur F i r s t  Burn which seem to be  predominantly in the 
fundamental l a t e ra l  bending modes of the space vehicle 
configuration, 
resonance of the th rus t e r s  there  was apparently no evidence 
of feedback o r  a control sys tem stability problem. 

Although there  is  a coupling with the l a t e ra l  

There were  changes made to the Titan Stage 1 propulsion sys tem which had 
apparent effects on the longitudinal oscillations. The differences in 
configuration a r e  l is ted below a s  a ma t t e r  of information, again with no 
attempt to explain or  connect cause and effect. 

Table 5 -5 .1  presents  a summary  of the maximum amplitudes experienced 
in the four launchings. The frequency of the maximum oscillations a r e  a l so  
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plotted in F igu re  5.5. 1 showing relationship to the analytically determined 
first longitudinal mode frequency. 
variation of steady state accelerat ion and accelerat ion amplitude of the first 
longitudinal mode throughout Stage 1 Burn for  each of the four flights. 

When compared to  the Viking k idf requency  sine test requirement,  on the 
shock spec t rum plots of F igu res  5.5.6 and 5. 5.7, the flight experience was 
covered in the VLC testing and was not covered in the VO test. 
difference in the VLC and VO testing was in the details  of response load 
limits. 
eliminated as  not valid design c r i t e r i a  for  the final Titan nIE configuration 
then the VO testing a l so  covers  the flight levels ;  i. e. the TC-4 and TC-3 
exp e r i enc e. 

F igu res  5. 5.2 through 5.5. 5 show the 

The 

If the TC-1 and TC-2 flight experiences of POGO/FLMN are 

However the longitudinal oscillations experienced are of high enough 
amplitudes even on.TC-4 and TC-3 that  a POGO/FLMN design loads require-  
ment should be defined for  future T,i.tan Centaur launch vehicles. 
with the complexity of the analytical  p rocesses  for  predicting this type of 
loading some relatively l a rge  uncertainty factor should be used. 

Fur ther ,  

A n  envelope of PSD analyses  f r o m  TC-4 and TC-3 is shown in Figure  5.5.8. 
Maximum values are  seen to  occur in the 12-14 Hertz  frequency range. 

Centaur Burn 0 s c illations 

The oscillations during the first burning of the Centaur Main Engine followed 
the same pattern in TC-4 and TC-3 of reaching maximum accelerat ion 
amplitude within five seconds after s teer ing start and then gradually decreasing 
in amplitude. 
l a rges t  in lateral motions at the VLC cg. 
f .28g on TC-4 and f .42g on TC-3 were  experienced. 
envelope of VLC cg Y PSD analyses.  

The motions are  bare ly  detectable at the VO Bus, and are 
VLC cg resul tant  accelerat ions of 

F igure  5. 5.9 is an 
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5.6 Venting P r e s s u r e s  

There were two p res su re  measurements  made on each of the Viking space- 
craft. 
The other measured  the differential p re s su re  a c r o s s  the Viking Bioshield 
base. 
the analysis of the data the sum of these two p res su res  was a l so  obtained. 
Thus there  a r e  three  p re s su re  t ime his tor ies  presented in this report :  the 
shroud pressure ,  the Bioshield p re s su re  and their  difference. 

One measured the absolute p re s su re  in the Centaur Standard Shroud. 

Figure 5.6.1 shows a schematic of the p re s su re  sensor  location. In 

This p re s su re  data is  presented here  for information and reference.  
t ime r a t e  of change of p re s su re  i s  a l so  plotted with each pressure .  

The 

The venting of the Viking Spacecraft  and Centaur Standard Shroud were close 
to expected, the Bioshield A P  being within the predicted bounds but c loser  to 
the lower l imit  prediction. 
performance . The two flight systems were very close in 
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6 .  _.-- Conclusions & Recommendations 

6.1 - Acoustic Environment 

The Viking acoustic tes t  requirements  were  found to be  low at both ends of the 
frequency spec t rum and high in the center.  
discrepancy. 
underestimated hence the high values in t h e  middle frequencies (i. e. 100-400 
Hertz).  
normally cause minimum t ransmiss ion  10s s. However the' Centaur Standard 
Shroud (CSS) with i ts  relatively heavy internal thermal  blankets will have 
relatively high damping in i ts  shel l  modes. 
the added m a s s  of the thermal blankets will r e s u l t  in higher t ransmission 
loss  in this middle frequency band. 

Two factors  probably caused this 
F i r s t  the t ransmission lo s s  through the shroud was probably 

This i s  the frequency range where shroud shell  resonances would 

This added damping along with 

The second factor explaining the discrepancy between prediction and flight 
measurements  i s  tha t  the specification spec t rum is typical in shape of the 
spectra  with the highest overal l  Db. 
studied it was found that the spectrum shape changed significantly through the 
flight and that an  envelope of all spec t ra  resu l t s  in a relatively flat spectrum. 

However in the Titan Centaur data 

These four were  the f i r s t  flights of the Titan Centaur combination and of the 
Centaur Standard Shroud. 
of the t ransmiss ion  lo s s  through the CSS. 
flight discrepancies a r e  actually within the span of expectations. 
off which was in effect  made  by not performing preflight experimental  
determination of acoustic t ransmission loss  through the CSS was the cost  
saving against  the added r i s k  of flight fa i lures  due to a possible undertest. 

Fur ther  there' was not experim'ental determination 

The t rade-  
Consequently the prediction versus  

6. 2 Vibration Environments 

Random vibration levels measured  on TC-1, TC-4 and TC-3 Payloads were  
all well below the minimum component tes t  requirements .  
the vibration Power Spectral  Density (PSD) spec t ra  f rom flight were  very 
different. 
the random vibration were  not a s  predicted, the vibration and acoustic flight 
data following the same patterns of being low by comparison in t h e  middle 
frequencies. 
mounting points and a d i rec t  comparison to component t e s t  levels is  not valid. 

Also the shape of 

Two explanations a r e  given. Fir s t  the acoustic spectra  causing 

A l s o  the flight measurements  were  not made a t  component 

The conclusion i s  drawn that for the majori ty  of equipment packages on the 
Viking Spacecraft  the random vibration levels  are below the minimum test 
requi remsnts  (F igure  5. 2. 5) found to be  necessary  for  adequate demonstration 
of reliabil i ty and workmanship. 
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6 . 3  Overpressure  at y__ SRM Ignition 

Based on the acoustic measurements  the ove rp res su re  has a period 
corresponding to a frequency in the 2 - 3 Hertz range, can a l so  have a sha rp  
front  (i. e. like a sawtooth) and i s  traveling up  the launch which are  about 
700 feet  per second. 

The acoustic measurements  internal to the shroud do not provide a rel iable  
quantative measu re  of the external  p re s su re  surge. Recommendation is made 
that ground based p res su re  measurement  on an actual  launching with enough 
measurements  to define p re s su re  variations around a s  well as up and down the 
L I V .  

6 . 4  Shock Spectra - Mid Frequency Sine 7-- Tes t  Compar,ison 

Comparison of flight data with Viking Mid-Frequency Sine Sweep Testing on a 
shock spectrum bas is  with Q = 10, indicates that the testing was conservative 
b y  being of higher level than necessa ry  except in the 10-25 Hertz range where 
t h e  tests were  notched. In theory it was not necessary  to have margins  a t  the 
point bf notch since the s t ruc ture  was demonstrated at these loads by s ta t ic  
t e s t  in a m o r e  accurate  and rea l i s t ic  manner  (for the low frequencies) than 
could be done by the  sine sweep test .  

If i t  is des i red  to make the spacecraf t  s t ruc tures  good for 
experienced by TC-1 and TC-2 in Stage 1 longitudinal oscillations 
the 1 g sine t e s t  ( F A  level) should be  done without notching. 

A proper exposition on t h e  pros  and cons of sine sweep testing of spacecraf t  
with comparisons to alternative t e s t  methods i s  beyond the scope of this 
report .  
method: 
than test levels. 
evidence of flight problems or fa i lure  due to launch dynamic loads. 

flight loads 

Instead two observations will be made in support of the side test 
(1) Flight experience on Viking showed t h a t  flight levels were  l e s s  

(2)  Both Viking launch flights were  successful with klo 
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8. Nomenclature and Acronym 

AFETR 

B W  

css 

Db 

F A  

G D / C A  

JPL 

KSC 

MECO 

MES 

MMC 

OB 

PSD 

Q 

P L  

TA 

TC- 1 

TC-2 

TC-3 

Air Fo rce  Eas te rn  Tes t  Range 

Band width, frequency 

Centaur Standard Shroud 

decibel 

Flight Acceptance test 

General  Dynamics/Convair Aerospace,  San Diego, (2-4. 

J e t  Propulsion Laboratory,  Pasadena, CA. 

NASA Kennedy Space Center 

Centaur Main Engtne Cu t  Off 

Centaur Main Engine S tar t  

Martin Marietta Corporatioh, Denver, CO. 

Octave Band - any frequency band where the upper band 
l imit  i s  twice the frequency of the lower band limit  

Power Spectral  Density 

Dynamic P r e s s u r e  when used in connection with launch 
flight t ra jector ies  

Dynamic Amplification Factor  when used in connection 
with s t ruc tura l  resonances and in Shock Spectrum Analyses 

Sound P r  e s sur  e Level 

Type Approval Tes t  (i.  e. qualification) 

Titan Centaur Launch Vehicle Number 1 

Titan Centaur Launch Vehicle Number 2 

Titan Centaur Launch Vehicle Number 3 
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TC-4 

VDS 

VLC 

VLCA 

vo 

VPO 

v S I C  

V S I C  A 

Titan Centaur Launch Vehicle Number 4 

Viking Dynamic Simulator (TC-1 payload) 

Viking Lander Capsule 

Viking Lander Capsule Adapter 

Viking Orbi ter  

Viking P ro jec t  Office, NASA Langley Research  Center 

Viking Spacecraft  

Viking Spacecraft  Adapter 
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